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For many yeats, the use of high energy photon beams has been recognized as
a good technique for the investigation of charmed particles[1]. The cross section
is a relatively large fraction (approximately 1%) of the total hadronic cross
section at high energies. The challenge was to develop & high energy and high
intensity beam that produces enough charmed particles to obtain very high
statistics so that one can answer detailed questions about charm production
and decays. The Fermilab Wideband Photon Beam is an attempt to meet that
challenge.

The beamline configuration and capabilities have evolved since the test run
in 1985 and the first physics run in 1987-88. For the 1990-91 data run, im-
provements were made to increase the photon yield and to improve the photon
energy tagging resoclution. Althought the main emphasis of this report is on
the original 1985-88 beam configuration, two fully operational upgrades for the
1990-91 run, namely the incident electron beam momentum tagging spectrome-
ter and the LD, primary beam target, are described. The beam was also given
the capability of transporting simultaneously et and e~ beams. The perfor-
mance of this ‘double-band’ configuration was studied briefly duing the 1990-91
running period and will be described in a future publication. A description of
the Fermilab E§87 Spectrometer utilizing this photon beam facility has recently
been published[2].

1  Description, Yields, and Backgrounds

At a proton accelerator, photons are derived indirectly from the strong inter-
actions. One must solve two problems in order to make a clean photon beam:
first, one must collect particles produced over a wide range of momenta and
angles to form the beam; second, one must remove all the unwanted particles
which are produced together with the photons. The unwanted particles include
charged hadrons, zt, ==, K+, K, p, and j, as well as neutral particles such
as neutrons and K2’s.

The photon beam is produced by the conventional “bremsstrahlung method”
[3, 4] as follows:

1. 800 GeV/c protons interact in a target, the “primary production target”.
Neutral pions are created and decay inte two photons. Immediately down-
streamn of the target, sweeping magnets remove all the charged particles.
The photons emerge from the target box at zero degrees,



2. The photons then interact with a lead foil, the “converter”, where they
produce electton-positron pairs.

3. The clectrons are then captured by a conveniional beam transport con-
sisting of dipole magnets and guadrupoles and are bent away from zero
degrees. Neutral hadrons, neutrons and K2’s, along with unconverted
photons, travel forward at zero angle and are absorbed in a “neutral
dump”.

4. The electron beam is transported around the dump, refocussed, and passed
through a thin lead foil, the “radiator”, to produce photons by bremsstrah-
lung. The electrons are then deflected off to the side by dipole magnets,
the “electron sweepers”, and into a dump, the “electron dump”, while the
photons pass straight ahead to the experimental target.

Figure 1 shows schematically the various steps required to produce a photon
beam by this method. Figure 2 shows a schematic of the charged particle
transport employed in the Wideband Photon Beam.

The photons produced by this method emerge from a chain of three inter-
actions and one decay process: the primary interaction produces a 7° which
then decays into two photons; a conversion of one of the photons to an electron-
positron pair; and the bremsstrahlung of the electron to a photon and an elec-
tron. The x° decay, the pair conversion and the bremsstrahlung interaction, all
degrade the final energy of the photon which emerges from the end of the chain.
The photon beam is thus a tertiary beam and it is difficult, using this method,
to achieve high intensity, especially at high photon energies. The advantage of
this technique, however, is that it is relatively free from hadronic background
compared {o other methods. This is discussed in more detail below.

In order to achieve intense beams of high energy photons, it is crucial to
collect electrons emerging from the converter over a very large range of an-
gles and momenta. Since the electrons are charged, they may be collected by
quadrupeles. It is possible to achieve large angular acceptance in this kind of
beam while achieving a reasonably small beam spot on the experimental target.
The optical beam transport system of the Wideband Beam is arranged to collect
electrons with a range of £15% around a ‘central’ momentum setting.

The dipole arrangement in the secondary beam is a ‘double dogleg’. It
has two important features: first, there are no dipoles before the first set of
quadrupoles and the bend angles in the dipole string in the center of the beam
cancel each other so that there is no net first order momentum dispersion in



Bremsstrahlung Photon Beam
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Figure 1: Steps required to produce a bremsstrahlung photon beam.
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Figure 2: Charged particle transport for the Fermilab Wideband Photon Beam.
Top is plan view. Bottom is elevation view.

the downstream quadrupole section of the beam; second, all the bends are very
small. The first feature keeps the beam relatively small as it passes through the
quadrupoles. The second preserves the momentum aceeptance in the double
dogleg itself. The dipoles are all of the Fermilab ‘6-3-120' [5] type and have
apertures which are 6 inches x 3 inches.

In the upstream part of the beam, there is a flux-gathering symmetric
quadrupole triplet, consisting of standard Fermilab ‘4Q120’ magnets[6], which
have 4 inch apertures. The field gradients are chosen to focus the low momentum
components at the momentum slit in the middle of the double dogleg both ver-
tically and horizontally. The high momentum components are not well focussed
and are essentially parallel near the center of the dogleg. At the downstream
end of the beam, another symmetric quadrupole triplet of 4Q120 magnets im-
ages bath the highest and lowest momentum components of the beam onto the
experimental target. Thus, in conventional terms, the beam is a ‘two-stage’
beam or ‘point-to-point-to-point’ for the low momentum components but is a
‘one stage beam’ with ‘point-to-parallel-to-point’ optics for the higher momen-
tum components. The intermediate momentum components are not completely

refocussed at the target of the experiment. It is obvious that, while this arrange-



Table 1: Wide Band Beam Properties.

Horizontal spot size at production target Sz = tImm
Vertical spot size at production target by = £1lmm
Geometric horizontal angle accepted 40, = +1.0mrad
Geometric vertical angle accepted 86y = £0.75mrad
Geometric solid angle accepted AQ = 6.0usterad
Maximum momentum bite 9;3 =~ +15%
Effective acceptance AR x —‘%’B 2= G6uster%
Horizontal spot at experimental target bz = £1.25¢cm
Vertical spot at experimental target dy = £0.75ecm
Horizontal divergence at experimental target | 86, = £0.6 mrad
Vertical divergence at experimental target 86, = £0.5 mrad

ment produces high acceptance, it will not produce a small beam spot at the
experimental target because most of the momentum components of the beam
are not truly imaged at the target.

The parameters of the Wide Band Beam are shown in Table 1. The photon
beam spot has a half-width of greater than a centimeter at the base. Thisis a
disadvantage for a neutral beam in that event vertex reconstruction must rely
soley on the experimental spectrometer. However, radiation damage, singles
rates, and coincident backgrounds are spread over a wider area of the vertex
silicon strip detectors.

The method by which the optics is arranged to achieve both large momentum
and angle acceptance has been explained. Additional parameters, such as the
material and thickness of the production target, the converter, and the radiator,
influence the final photon flux that can be achieved. Each has an ‘optimum’
value. One cannot make the production target too long because photons can
convert as they travel from the production point to the end of the target. The
convetter cannot be made too thick because the electrons radiate energy via
bremsstrahlung as they travel through the radiator from the production point.
Increasing the converter beyond a certain thickness will produce more electrons
but will soften the energy spectrum. The result is a reduction in the number
of the relatively higher energy range of the photon spectrum. Finally, if the
radiator is made too thick, many of the electrons give rise to more than one
photon. This can make the interpretation of the events more difficult and can
create rate problems in the detectors of the experiment.

A full calculation of the flux must include all these effects and is carried
out by Monte Carloe techniques. Based on the Monte Carlo calculation, the



production target is chosen to be 18in. of beryllium and the converter is chosen
to be 50% of a radiation length of lead. The radiator is chosen to be 20% of a
radiation length of lead, based on studies of the effect of multiple bremsstrahlung
on the performance of the experimental apparatus, especially of the microstrip
detector.

Figure 3 shows the measured electron yields per incident 800 GeV/c proton
and compares them to the Monte Carlo calculation. For energies above 250
GeV, measured values are within 15% of the calculated values, consistent with
the systematic uncertainties of the measurements and extrapolations used in
the calculation, The photon spectrum obtained with a 350 GeV/c momentum
€~ beam is shown in the next section.

One major reason for using a bremsstrahlung beam is to reduce the hadronic
background in the beam. The sources of this background are neutrons and
K2’s in the beam. These neutral hadrons escape the target box along with the
photons. When they strike the converter, a small fraction interacts and may
produce high energy charged hadrons which are captured by the secondary (elec-
tron) beam transport. If the secondary beam is set up to transport negatively
charged particles, the dominant background is #=. If the secondary beam is
set to transport positive particles, then the background is & mixture of #* and
protons and is typically higher than for the negative setiing. The relative num-
ber of protons also rises as the secondary beam energy approaches the primary
beam energy. This increasing proton background was determined to be from the
decay of leading A%'s which decay downstream of the target box sweeping mag-
nets. For these reasons, one always chooses to operate the secondary beam so
as to capture and transport negative particles. The charged hadrons eventually
arrive at the ‘radiator’ where they may undergo hadronic interactions. These
hadronic interactions are only a problem if they produce neutral particles at
such small angles that they eventually strike the experimental target. This can
occur if the are produced within a milliradian of the incident charged hadron.
Any charged particles produced in these collisions are removed by the ‘clectron
sweepers’ just downstream of the radiator.

Hadronic background comes from a sequence of events each of which has
relatively low probability. The resultant background of neutral hadrons at the
experimental target is, both from Monte Carlo calculation and from measure-
ment, 10~5 neutrons per photon. Less than 1% of the hadronic final state events
written to tape are produced by this neutral hadron beam background.

The beam can be operated in a vatiety of modes to help calibrate experimen-
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Figure 3: Electron yield per incident 800 GeV proton as a function of electron
energy.
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Figure 4: Schematic of Recoil Electron Tagging System.

tal equipment. By turning the electron sweepers off and removing the radiator,
one can bring the electron beam directly into the experiment and use it to cal-
ibrate the electromagnetic calorimeters. By inserting a lead absorber into this
‘electron beam’, one can remove the electrons and obtain a #~ beam which can
be used to calibrate the calorimeters. If a 10 foot long steel absorber is moved
into the beam near the upstream end, all the electrons and pions are absorbed.
In this case, the dominant flux through the detector consists of muons which
escape from the primary target box. This so-called ‘muon beam’ is composed
of high energy muons travelling at small angles to the central axis of the beam
and spread out over the whole detector. It can be used for detector alignment,
chamber efficiency studies, muon detector calibration, and various other pur-

poses.

2 Beam Tagging and Beam Gamma Monitor

The Wideband Beam has a simple photon energy tagging system. It is
shown schematically in Fig. 4. Its purpose is to determine the energy of the
interacting photon on an event-by-event basis. It also serves the function of
requiring a selectable minimum electron energy loss in the radiator in the Level
II trigger to eflectively “harden™ the bremsstrahlung spectrum.

The incident electron, momentum selected by the Wideband Beam, strikes
a lead radiator and produces photons by bremsstrahlung. After this energy
loss, the electron is momentum analyzed in a magnetic spectrometer with the
Radiated Electron Shower Hodoscope (RESH) as detector. Electrons are iden-



Counter Nominal Centerline Nominal # Layers, Material,
Name Photon  Magnetic  Width and Thickness
Tag Deflection
{GeV) (in. ) (in.)
non-
Radiating 0 4.03
Electrons
RESH1 138 7.37 2.5 23 Pb,Lucite,1/4 in. cach
RESH 2 205 9.98 2.5 »
RESH 3 235 12.56 2.5 »
RESH 4 254 15.14 2.5 »
RESH 5 2868 17.72 2.5 »
RESH 6 278 20.30 2.5 "
RESH T 286 22.88 2.5 i
RESH 8 293 25.46 2.5 ”
RESH 9 302 29.79 6.0 20 Pb,Acrylic Scint,1/4 in.
RESH 10 310 37.54 11.5 20 Pb,Acrylic Scint,1/4in.
BGM 0 9x9 45, Pb,Lucite,1/Bin. each

Table 2: Tagging Counter Specifications. The lead is stiffened with 6 % Sb by
weight. The vertical (non-bend) size of the RESH counters is 6 in. The RESH
10 aperture is limited by the tagging magnet vacuum chamber wall.

tified by a large ratio of energy deposition to momentum (E/p) in this RESH
hodoscope. Multiple bremsstrahlung may occur in the radiator. Typically, only
one photon interacts in the experimental target. The sum of the energies of any
non-interacting photons produced by that given electron is measured in a zero-
degree shower counter, the Beam Gamma Monitor (BGM), located towards the
end of the spectrometer. The physical properties of these detectors are given in
Table 2.
The photon energy is calculated, on an event-by-event basis, from the fol-
lowing formula:
Ey = E' + kinteracting + Z Rodditional (1)

where:

10



Ey is the incident electron energy, 350 GeV £50 GeV (o). In the
absence of measurement of the beam energy on an event-by-event
basis, the incident electron is defined to have the nominal 350 GeV
beam energy.

E! is the energy of the electron after radiation loss as measured in the
magnetic spectrometer and RESH hodoscope.

Einteracting is the energy of the photon interacting in the experimental target
producing the hadronic event detected in the E-887 spectrometer.

3 kadditionat  is the sum of the energies of any additional multiple bremsstrahlung
photons produced by the electron in the radiator (and either not
interacting in experimenial target or pair producing with the ete~
pairs refocused into the BGM counter).

Then: k:’nt:racting = ED - E - Z kadditiana!-

The uncertainty in each of these terms limits the resolution in the estimate
of the energy of the interacting photon. The major limitation is due to the
+50 GeV energy spread of the incident electron beam. Beginning with the 1990
run, an incident beam magnetic spectrometer[7] measures the incident electron
momentum to £2%. This system is described in the next section.

A second major concern is the multiple bremsstrahlung in the thick radiator.
Under most running conditions, a 0.20 Xy, Pb radiator is used. There is an
additional 0.07 X effective radiator due to nearby beam monitoring scintillation
counters and titanium vacuum windows. Therefore, the total effective radiator
is 0.27 X,.

2.1 Hardware

The magnetic field which bends the radiated electron is generated by six
dipole magnets which were prototypes for the Fermilab Anti-proton Accumu-
lator Ring(8]. They produce a [ Bdl of 89.5 kilogauss-meters at an operating
current of 1190 amperes. The distance {rom the effective bend point to the
RESH plane (shower maximum) is 13.34 meters. The non-radiating nominal
350 GeV electrons are deflected 10.2 centimeters from the photon beamline and
strike a lead and steel dump. The dipole sweeping magnets are offset to the
west to increase the horizontal aperture and good field region for the radiated

11



electrons.

The RESH hodoscope counters are either lead-lucite or lead-acrylic scintil-
lator shower counters of about 24 Xy depth. The RESH counters are outfitted
with RCA 8575 photomultiplier tubes and transistorized bases {9].

The BGM is a lead-lucite shower counter [45 layers of 1/8 inch Pb (+ 6%
5b) and 1/8 inch lucite] of 24 X depth with bent lucite light pipes leading to a
Amperex 58AVP photomultiplier tube with a 9 stage resistor base [10]. Slight
variations of the BGM counter are used in later runring periods to perform the
same function.

The RESH counters and BGM have CAMAC-controlled pulsed LED's for
performance and gain monitoring.

Since this tagging system is intended te operate at high rates, it is important
to minimize the time resolution, and to have pulse pair resolutions of one RF
bucket (18.8 nsec) if possible. The coincidence resolving time for the coincidence
registers is approximately 4 nsec. Due to problems with the ECL gate driving
circuit feeding the LRS 1885 ADC’s, the minimum gate widths for RESH and
BGM is 38 nsec, corresponding to two RF buckets.

2.2 Use of RESH in Triggering

The typical energy deposition in an individual RESH(i) counter, for events
with the corresponding discriminator and coincidence regisier set, is shown in
Fig. 5. There is a prominent peak due to the momentum analyzed radiated
electron striking near the center of the individual RESH(i). There is a tail on
the low energy deposition side due to transverse shower leakage for electrons
striking that RESH near either of its side edges. There is also a tail extending
upward from pedestal (not fully displayed since it is mostly below discrim-
inator threshold) due to radiated electrons striking an adjacent RESH(i-1) or
RESH(i+1) hodoscope cell with some energy deposited in RESH(i) due to trans-
verse shower spread. Such shower sharing between adjacent RESH counters can
be used to localize the electron impact point to considerably better resolution
than the RESH counter width. Due to the resolution limitations inherent in the
incident electron beam with such a large, untagged momemtum hite, a simpler
tagging algorithm is used.

A discriminator threshold is set at approximately 20% of the nominal ra-
diated electron peak for each RESH counter. This logic signal is latched in a
coincidence register gated by the Level I trigger. The output of this latich is
then sent to a LeCroy LRS 4516 Programmable Logic Unit (PLU). This PLU

12
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Figure 5: Typical RESH counter pulse height spectrum with discriminator and
coincidence register set.

Table 3: RESH patterns considered valid by trigger logic.

RESH(i) a single hit
or | RESH(i)xRESH(i+1} two adjacent hits
or | RESH(i-1)x RESH(i)xRESH(i+1) | three adjacent hits

then passes the RESH hit patterns to the Level II trigger logic, consistent with
a single electron striking RESH. The valid patierns are shown in Table 3. Since
the triple adjacent hit pattern occurs less than 1% of the time, this triple pattern
15 cut in the offline analysis.

There are three levels of RESH signals passed from the RESH PLU to the

Level I trigger corresponding to:
1-  RESH-LOW  nominal electron energy loss greater than 116 GeV
2- RESH-MED  nominal electron energy loss greater than 193 GeV
3- RESH-HIGH nominal electron energy loss greater than 212 GeV
It is again noted that the e¢lectron energy loss represents the sum of the

energies of the radiated photons. Most of the data is taken using the RESH-
LOW threshold.

The use of the patterns for the 10 single RESH hits and the 9 adjacent
RESH hits provides 19 photon energy tagging bins. This is more than adequate
since the diflerence between adjacent bins is typically smaller than the incident

electron beam momentum uncertainty.

13
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Figure 6: Electron beam energy distribution for 350 GeV central beam setting
as measured calorimetrically in the BGM counter.

2.3 Performance

Photon tagging system performance data are taken during dedicated runs
where either an electron beam is taken directly to the BGM counter or a pho-
ton beam is used with a simple charged particle trigger with the spectrometer
analyzing magnets OFF to allow converted pairs to strike the BGM. During
these photon calibration runs, the energy deposited in BGM is technically the
energy loss of the electron, AE = Eo— E’, which could be comprised of multiple
photons. This allowes cross calibration and monitoring of the RESH and BGM
systems. Figure 6 shows the electron beam energy distribution measured calori-
metrically in the BGM shower counter. The photon beam energy distribution
is shown in Fig. 7, for a 0.27 X, effective radiator. There is no requirement of a
RESH tag in this spectrum. The spectrum shape, with the BGM energy scale
set by the 350 GeV electrons, is fitted with the form:

dn 1 1

dg " 14 ezp[1-52=e] 2)

A
where q is the total energy of all the photons radiated. In this empirical fit,
the 1/¢g™ term reproduces the shape of the thick radiator energy loss spec-
trum in & Monte Carlo simulation, while the remaining terms produce an easy
parametrization of a typical cut off due to the finite energy distribution of the

electron beam. Fitted values are given in Table 4.
As can be seen from the fit parameter e,nq, there is a slight difference in the

14



Table 4: Fit parameters for the energy loss spectrum, with BGM gain set using
350 GeV electrons.

a = 0.73+0.02
€end = 398 GeV + 3 GeV, the endpoint of the photon spectrum, related
to the incident electron beam energy
A = 2B GeV 1 GeV, the incident electron energy spread.
Energy Loss Spectrum (unbiased) Energy Loss Spectrum > 80 GeV
L llllIlll'l[f'f']"lll’lllllll- am- ]Illl]’l’]'rT‘TrlI"lllIlllll i
2 wwf 4 2 |
& ! ] . 200 ]
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Electron Energy Loss in BGH {GeV) Electron Energy Loss in BGM (GeV)

Figure 7: Photon specirum obtained from 350 GeV electrons for a) all energies;
b} energies greater than 100 GeV as measured calorimetrically in the BGM
counter,

BGM response to electrons and photons. It is expected that e,n4 also correspond
to 350 GeV, the average electron energy. In Figures 7 - 10, the BGM energy
scale is set using the photon endpoint e.ng = 350 GeV.

A ‘thick target’ bremsstzahlung Monie Carlo calculation predicts ¢ = 0.73
for the distribution of q, the sum of the photon energies or the electron’s energy
loss for & 0.27 X, radiator, in good agreement with the experimental distribu-
tion.

Figure 8 shows the tagged (electron energy loss) photon spectrum, integrated
over all accepted RESH tagging hit pattern configurations. Figure 9 shows the
photon tagging cfficiency obtained by dividing the tagged energy loss spec-
trum without RESH trigger requitement into the same distribution requiring
the RESH-LOW trigger to be set. Typical tagged energy loss spectra (mea-
sured in BGM) for selected tagging RESH hit patterns are shown in Fig. 10.

15
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Figure 8: Tagged energy loss spectrum measured calorimetrically in BGM.
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Figure 11 shows how the RESH and BGM work together in determining the
event energy on an event by event basis. Plotied first is the electron energy loss
from RESH minus the J /v energy for quasi-clastic events determined using the
experiment's magnetic spectrometer. The assumed incident electron energy is
350 GeV, The energy does not balance due to extra multiple photons that are
coincident with the photon producing the J/¢ but are not accounted for. By
subtracting also the summed energies of these non-interaciing photons hitting
the BGM counter, the energy balance is improved, as shown in the second plot
where the energy spread (o) is consistent with the uncorrected beam momentum
spread and the tail on the low side has disappeared.

Animportant problem occurs due to second order processes in the thick radi-
ator. Some of the photons produced can be re-converted into et e~ pairs within
the radiator. This will either result in the loss of photens that would otherwise
strike the experimental target, leading to a mis-measured flux, or produce “false
tags”. These false tags can be generated when an incident electron suffers only
a small energy loss within the radiator. It is not deflected sufficiently to register
in the RESH hodoscope, but strikes the electron dump. A photon radiated by

this electron can pair-convert in the radiator, possibly having the electron from
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the pair fall within the RESH acceptance. This is a more serious background
as the apparent tagging energy increases. The bremsstrahlung tail near zero
energy in the BGM can be seen to increase as the tagging energy increases in
Fig. 10 a through Fig. 10 f. These backgrounds ate identified in later runs with
the addition of shower counters at the electron dump and on the positron side

of the sweeping magnet.

3 Incident Beam Magnetic Spectrometer

As stated in the previous section , the main uncertainty in the energy mea-
surement for the interacting photon is due to the & 50 GeV energy spread of the
incident electron beam. To improve the resolution, starting with the 1990 run,
an incident beam magnetic spectrometer has been installed[7). The spectrome-
ter consists of 5 large area microstrip planes which measure the bend angle of
the particles as they pass through the two dipoles that form the last leg of the
double dogleg. This arrangement is shown in Fig. 12. The design resolution
for the incident electron momentum is 2.2%. This resolution is comparable to,
but somewhat better than, the resolution on the energy measurement of the
electron after it radiates.

In one particular operating mode of the beamline, the so-called ‘double band’
configuration[11], there are two beams simultaneously, electrons and positrons,
which converge at the final pair of beam dipoles, with a mean angle with respect
to the theoretical neutral beam of +3 mrad. The beams emerging from the
dipoles are parallel and enter a net focusing triplet of quadrupoles. Monte Carlo
simulations show that the best performance for the incident beam spectrometer
is obtained when the five microstrip detectors are placed symmetrically around
the dipoles. Tag 4 and Tag 5, the most downstream planes, are set as far apart
as possible, given the geometry of the beam line, Tag 4 just after the second
bending magnet and Tag 5 just before the first quadrupole. The two upstream
microstrip planes, Tag 1 and Tag 2, are placed symmetrically with respect to
the bend center of the two dipoles. The third detector, Tag 3, whose purpose is
to provide redundancy to help the pattern recognition in case of multiple beam
tracks, spurious noise, or out-of-time hits, is located between the two bending
magnets. Increasing the lever arm for the upstream part of the system, which
is not constrained by other elements in the beam, would increase the resolution
somewhat, at the cost of acceptance. The electron and positron beams are
somewhat separated in this part of the system and do not quite fit on the
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Figure 12: Layout of the beam tagging spectrometer.

upstream detector, even in the chosen compromise configuration. The distance
between tag 1 and tag 5 is 13.7 meters and the acceptance is about 81% for the
electrons and positrons whose bremsstrahlung photons reach the experimental
target. Each microstrip detector is 300 microns thick with a pitch of 300 microns.
Each 7.7 cm x 5.7 cm detector has 256 channels for a total of 1280 channels. The
total field integral is 30.8 kilogauss-meters at & nominal electron beam setting

of 350 GeV/c and is scaled with the beam’s central momentum setting.

3.1 Principle of Operation

Silicon microstrip detectors are chosen because they can operate in a high
intensity beam (in excess of 107 particles per second), have an intrinsically
fast time response, can easily satisfy the granularity requirement, and are quite
robust compared to PWC’'s or drift chambers.

The Fermilab beam is bunched in nartow RF buckets of about 1 nsec width
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with a spacing belween successive buckets of 18.8 nsec. Because of the high
rate, the jitter of the detector pulses with respect to any latching strobe must
be kept as small as possible. For this reason, the read out elecironics are placed
close to the detector to avoid long transmission lines for the 1280 channels.

The trigger from the E687 spectrometer is formed in the counting r0om and
is available at the detector site about 2.5 psec after the beam particle crossed
the detector. This means that the readout must store data in a pipeline at least
2.5 paec long so that it will have the right data when a trigger comes.

The principle of the readout and its timing is illustrated in Figure 13.
The beam particles have a constant phase with respect to the accelerator RF.
This phase is smeared by a few nsec by the jitter introduced by the detector-
preamplifier-discriminator chain. The particle signals, RF/data from the dis-
criminator, are sent to a shift register continuously clocked by the accelerator
RF. When a trigger is accepted, a stop signal, RF/stop, is sent from the count-
ing room to the system in the beam line to stop the shift register. Since the
trigger decision time is constant, the delay between the discriminator pulse at
the input of the shilt register and the stop signal is also constant. The beam
particle signals corresponding to the trigger are extracted from the memories
by reading the proper cell in the shift register at a fixed offset from the stop.

The eritical timings of the system are:

1) The RF/data timing: due to the jitter and to incorrect timing, the real

hits could be randomly latched in two consecutive time cells of the shift register.
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2) The RF/stop timing: due to incortect timing, the shift register could be
randomly stopped with a £1 cell ambiguity.

3.2 Electronics

To minimize the jitter of the data being written into the memories with
respect to the RF, fast current preamplifiers with a rise time of less than 10
nsec are used. These are realized on thick film circuits and have a bipolar input.
transistor. The noise FWHM is equivalent to 18 KeV in silicon with the detector
connected, for a signal-to-noise ratio of 11.

Threshold discriminators with an independent CAMAC programmable thresh-
old for each channel are employed. The output signal from these discriminators
is as wide as the RF period. This is to eliminate the possibility of latching the
same signal in more than one memory location once the RF/data timing has
been properly set. There is also a 60 nsec protection dead time to prevent the
discriminator from being triggered twice by the same particle signal.

Fast ECL circular memories are clocked by the 53 Mhz accelerator RF sig-
nal. Since the timing, and location within the memories, of the RF/data for
the triggered beam particle is determined by subtracting a constant delay rela-
tive to the RF /stop signal, it is very important to maintain timing of both the
RF/data and RF /stop to within a fraction of the 18.8 nsec RF period. The total
delay between the RF/data input to the memories and the RF /stop consists of
three quantities: a. the time interval from beam particle traversing the beam
momentum spectrometer to the formation of the Level I event trigger (clocked
to within + 1 nsec by the relativistic particles themselves), b. the time interval
necessary to form the Level II trigger after the Level I trigger is formed, and c.
the the time interval from the formation of the Level IT trigger until the RF/stop
signal is received at the local memories (consisting of fixed electronic and ca-
ble delays). Although the time interval between Level I and Level II triggers
is nominally a constant, a special counter/timer is installed both to measure
this trigger decision time in units of the RF clock rate, and to restandardize
the timing to within a fraction of the RF period. This counter, clocked by the
accelerator RF signal, is started by the Level I trigger and stopped by the coin-
cidence of the clock RF signal and the signal representing the formation of the
Level IT trigger. This produces an RF /stop signal at the memories without jitter
with respect to the RF phase. The time interval to produce the Level II trigger
is thus measured and can be used to calculate the overall delay. Operationally,
the memories are stopped only upon production of a Level II trigger, thereby
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reducing deadtime.

The data readout is started approximately 50 nsec after the stop arrival.
There is a daisy chain connecting the 8 memories in the same plane with a 32
bit data bus to the relative termination unit and the 5 termination units in
the system, one per plane. The first termination unit is the master and it is
connected to the E687 Fastbus DAQ. While data are being read out, they are
also stored inside the relative termination unit and can be accessed via CAMAC.
The read-out rate is 5 MHz for 32 bit words and the total read-out time for 1280
channels is 8 psec. As soon as the readout is been completed, the read return
signal from the last memory restarts the system.

3.3 Performance

In Figure 14, electron beam profiles demonstrate that the system is properly
set.

The system is aligned geomeirically by turning off the bending magnets and
taking undeflected electrons and positrons,

The absolute momentum scale is calibrated by using the main E687 spec-
trometer where the momentum analysis is done with two 1.4 Tesla (maximum)
bending magnets, a system of 20 multiwire proportional chambers and a high
resolution silicon vertex detector[2]. The spectrometer magnetic field has been
accurately mapped and its absolute momentum scale is checked by reconstruct-
ing the invariant mass of a large number of narrow resonances, including the
K?, the A°, and the charmed D° and D* mesons, states whose masses are
accurately known.

Low intensity pion runs at 30, 60, 100, 200 and 350 GeV are taken with the
radiator and the experiment target removed. Only one track is required in both
the incident beam spectrometer and the E687 spectrometer and the difference
between the momenta reconstructed by the two systems is compared. The field
in the beam spectrometer magnet is scaled with the pion energy, so that the
beam spectrometer resolution (apart from MCS effects that have been taken
into account) is energy independent. At 60 GeV the overall 2.5% resolution on
the momertum difference is dominated by the beam spectrometer resolution,
as shown in Figure 15, while at 350 GeV it is 6.5%, dominated by the E687
spectrometer resolution. (The spectrometer magunet current is NOT scaled with
energy but remains fixed at its normal data-taking value where the magnetic
field was mapped and calibrated.) The incident electron momentum resolution,
after unfolding the spectrometer resolution, is found to be 2.2%, independent of
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energy.

Efficiency studies are done for each strip using tracks within the acceptance.
The average efficiency per plane is about 98% taking into account dead elec-
tronics channels and disconnected strips.

3.4 Electron Beam Energy Spectrum

A typical electron beam energy spectrum measured with the beam momen-
tum tagging spectrometer is shown in Figure 16. This spectrum was taken using
electrons under the slightly different ‘double-band’ beam optics configurationf11]
with an average electron momentum setting of 320 GeV/c during the 1990-91
running periods.

4 Improvement to Primary Target

After the first run of E687, it became clear that the expetiment could handle
more photons than the beam could provide. In the initial beam design, beryllium
was chosen as the production target because it was simple to implement. After
the first run, there was a comparative study with targets composed of beryllinm,
deuterium, and lithinm.

The highest photon yield is obtained when the greatest number of primary
protons interact in the target, producing neutral pions which in turn decay to
two photons. The photons can convert to ete~ pairs as they pass thru the
target. Therefore, the target material should have the smallest possible ratic of
radiation length to interaction length.

There are three important factors which affect the photon yield. First and
foremost is the ratio of intetaction length, A, to the radiation length, Xg of the
target material. Second is the “A” dependence as a function of x4[12]. Per
nucleon, there are more high x; pions produced in light nuclei than in heavier
nuclei. Third is the beamline acceptance. When a longer target, such as a
liquid with cryostat, is used, its centerline must be placed slightly farther from
the first quadrupoles, which reduces the acceptance of the beam.

The GEANT(13] Monte Carlo program is used to simulate the production
and absorption of photons in various target materials. Production of photons
by the intereactions of sccondary hadrons is included in this calculation. Fig-
ure 17 shows the predicted number of photons with energy greater than 250
GeV per incident 800 GeV proton as a function of target length for deuterium,
lithium, and beryllium. Deuterium has a clear advantage. Due to the effects
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of acceptance for a Jong target, the optimum yield is reduced by 14% and the
optimum target length changed from 1.6 to 1.0 interaction length.

Based on this study, in 1990 the primary production target was changed to
a 3.5 meter long liquid deuterium target. The drawbacks of a liquid deuterium
target are the physical length and the required cryogenics. The deuterium target
does, in fact, increase the photon yield by a factor of 1.5. The target reliability
has proven to be excellent.
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